RaxL is a paired-like homeobox gene involved in vertebrate eye morphogenesis. We examined RaxL protein expression patterns during chick retinal development in combination with ganglion cell markers including the RA4 antigen, cBrn-3, Islet-1 and neuronal type III btubulin. Double-immunostaining demonstrated that downregulation of RaxL protein correlates with upregulation of ganglion cell markers in the ganglion cell layer (GCL). To explore this correlation in vivo, we performed gain-and loss-of-function experiments by electroporating retroviral vectors encoding wild-type and dominant-negative-RaxL into the optic vesicles of stage 10 chick embryos. Infection with virus expressing RaxL led to a 35% decrease in Islet-1-positive ganglion cells at E5.0 and a complete loss of ganglion cells at E15, with no effect on displaced amacrine cells in the GCL. When dominant-negative RaxL was expressed, the total number of cells in the GCL increased by , 40% at E5.0 but was reduced to 40% at E15, due to ectopic apoptosis in the GCL from E9 to E15. These results suggest that RaxL gives an inhibitory effect on ganglion cell development and that the loss of RaxL expression is required for maintenance of ganglion cells. q
Introduction
The neural retina provides a good model system for studying mechanisms of cell fate determination in the vertebrate central nervous system, as it is a simple neuronal tissue, composed of seven types of cells organized into three cell layers (Dowling, 1987) . The neural retina originates from the inner layer of the optic cup, which evaginates from the anterior forebrain (Jean et al., 1998; Mey and Thanos, 2000) . The neural retina primordium is a population of proliferating progenitor cells that gives rise to six types of neuronal cells and one type of glial cell to form an intricate neural network (Dowling, 1987) . These seven types of cells differentiate at precise but overlapping times (Cepko et al., 1996; Marquardt and Gruss, 2002) . During retinal development, these cells constitute three nuclear layers: the outer nuclear layer (ONL) consists of rod and cone photoreceptor cell bodies, the inner nuclear layer (INL) is composed of bipolar, horizontal and amacrine cells, as well as the Muller glia cells, and the ganglion cell layer (GCL) contains retinal ganglion cells (RGCs) and the so-called displaced amacrine cells (Galvez et al., 1977; Masland, 2001 ).
RGCs are the sole output neurons in the retina. They relay light information from the eyes to the brain and are the first retinal cells to be generated during vertebrate retinogenesis (Young, 1985) . During chicken retinal development, RGCs arise from embryonic day 2 (E2) to 9 (E9) (Prada et al., 1991) . All RGCs are born in the ventricular zone (VZ), after which they are immediately differentiated, begin expressing the RA4 antigen and migrate to the vitreal surface to form the future GCL (Waid and McLoon, 1995) . RGC specification and differentiation begins initially in the central region of the developing retina, gradually spreading to the peripheral region in a wave-like progression (McCabe et al., 1999) that is thought to involve a complex set of gene and protein interactions (Jean et al., 1998) .
Recent advances have begun to unravel the molecular events that control the specification and differentiation of RGCs. For example, the neurogenic gene, Notch, is expressed in retinal progenitors and the activation of the Notch signaling pathway in the retina has been shown to suppress neuronal differentiation, while promoting the formation of Müller glia cells (Austin et al., 1995; Furukawa et al., 2000) . In contrast, upregulation of proneural basic helix -loop -helix (bHLH) transcription factors such as Xath5 and Xath3 has been shown to promote RGC formation in Xenopus (Kanekar et al., 1997; Perron et al., 1999) . It has also been noted that the POU domain transcription factor Brn-3c is first expressed in migrating RGC precursors (Liu et al., 2000) , and its expression is initially activated by Ath5 factors in newly generated RGCs (Liu et al., 2001) . Even given the above information, however, the molecular mechanisms underlying determination of RGC fates remain poorly understood.
It is known that paired-like homeobox transcription factors play important roles in retinal cell fate determination and differentiation across diverse systems (reviewed by Jean et al., 1998; Mey and Thanos, 2000) . Recently, the vertebrate paired-like homeobox gene, Rx/rax, was identified and shown to be expressed in the developing neural retina (Casarosa et al., 1997; Chuang and Raymond, 2001; Furukawa et al., 1997; Mathers et al., 1997) . Overexpression experiments with the Xenopus Rx gene resulted in the formation of ectopic retinal tissues (Andreazzoli et al., 1999; Mathers et al., 1997) , and mouse embryos carrying a null allele of the Rx gene do not form an optic cup and do not develop eyes (Mathers et al., 1997) . This phenotype argues for the importance of the Rx/rax gene in establishment and maintenance of retinal cells (Mathers and Jamrich, 2000) . Rx promotes Müller glial cell differentiation in the rat and chick RaxL plays a role in photoreceptor differentiation (Chen and Cepko, 2002; Furukawa et al., 2000) . However, the various roles of Rx/rax in differentiation of other retinal cell types are still not clear.
In this paper, we report the functional characterization of the Rx/rax chick homologue, RaxL, in RGC differentiation. Although RaxL expression is detected in all neural retinal cells on E3, in RGCs the expression fades completely by E7 and the protein is then restricted to photoreceptor cells by E15. We found that RaxL expression is correlated with RGC differentiation. Overexpression of RaxL using the RCAS retrovirus resulted in a decrease of RGCs at E5.0, and complete loss of RGCs at E15. In contrast, expression of a dominant-negative RaxL led to a 40% increase of RGCs at E5.0. These results suggest that RaxL negatively regulates RGC development and that the loss of RaxL expression is required for maintenance of ganglion cells during chick retinal development.
Results

RaxL expression patterns during chick retinal development
To examine the role of Rx/rax in RGC differentiation, we characterized the expression of RaxL protein during chick retinal differentiation. For this, we generated a rabbit polyclonal anti-RaxL antiserum and examined its specificity for RaxL, since two distinct but closely related genes, Rax and RaxL, are present (Ohuchi et al., 1999; Chen and Cepko, 2002) . Plasmids expressing Rax or RaxL were transfected into NIH3T3 cell cultures, and the cell lysates were subjected to Western blot analysis using the RaxL antiserum. The results showed that the RaxL rabbit antiserum specifically recognized RaxL and did not crossreact with Rax (data not shown). This antiserum was used to detect RaxL protein by immunohistochemical analysis of E4.0-P2 central retina sections. RaxL immunostaining patterns were correlated well with those of RaxL in situ hybridization (data not shown; Chen and Cepko, 2002) , also confirming the antibody specificity. At E4.0, immunoreactivity for RaxL was observed in all cells in the VZ and, weakly in some cells in the GCL (Fig. 1A) . As CNotch-1 is expressed in progenitor cells of the developing retina (Austin et al., 1995; Bao and Cepko, 1997; Henrique et al., 1997) , we examined CNotch-1 mRNA expression. In situ hybridization using the CNotch-1 probe showed that CNotch-1 was also expressed in RaxL-positive cells of the VZ (Fig. 1C) , demonstrating that RaxL-positive cells in E4 retina are retinal progenitor cells. At E7, RaxL protein was restricted to the outer half of the INL, (Fig. 1D) , correspondingly CNotch-1 was expressed in the same region (Fig. 1F) . RaxL was undetectable in the GCL at E7, in which most of RGCs are differentiated. In contrast, high levels of RaxL were detected in the ONL (Fig. 1D ), being coincident with the initiation of photoreceptor cell differentiation. At E11, when almost all RGC progenitors had become postmitotic and RGC differentiation is complete (Snow and Robson, 1994; Waid and McLoon, 1995) , RaxL expression was undetectable in the GCL, though it was seen in the middle of the INL and at high levels in the ONL (Fig. 1G) . At this time, CNotch-1 expression was restricted to the middle of the INL (Fig. 1I ). At E15, RaxL expression was downregulated in the INL (Fig. 1J,L) and RaxL expression became restricted to the ONL at P2 (Fig. 1M) , whereas in situ hybridization showed no RaxL mRNA expression (Fig. 10 ).
RaxL expression becomes lost in Islet-1-positive RGCs in the GCL
RaxL expression patterns suggest that downregulation of RaxL is correlated with formation of RGCs during early retinal development. To test this in more detail at the protein level, we first performed double-immunostaining for RaxL and Islet-1, an RGC marker (Austin et al., 1995; Thor et al., 1991) , on sections of central retinas from E3.0 to E7.0 chick embryos. At E3.0, all cells were positive for RaxL and no reactivity for Islet-1 was observed. At E3.5, Islet-1-positive cells became visible at regular intervals, three-to four-cells apart, lined up at the innermost layer of the VZ ( Fig. 2A(a -e) ) and the majority of these cells were positive for RaxL. Closer scrutiny revealed that the Islet-1-staining in RaxL-expressing cells first appeared at E3.25 (stage 20; Fig. 2B(a -c) ). As development proceeded from E3.5 to E6.0, the number of Islet-1-positive cells in the retina progressively increased while RaxL expression was gradually downregulated until no RaxL expression was detected in the majority of Islet-1-positive cells in the GCL at E6.0 ( Fig. 2A(f -j) ).
Quantitative analysis of RaxL-positive and Islet-1-positive cells from E3.0 to E7.0 demonstrated that the number of Islet-1-positive cells increased gradually from E3.5 to E7.0 ( Fig. 2B(a) ). As cells expressing RaxL in the GCL gradually decreased during this period, the number of Islet-1-positive/RaxL-negative cells showed a sharp increase (Fig. 2B(c) ), whereas the number of doublepositive cells remained constant between E3.5 and E6.0 ( Fig. 2B(b) ). These results indicate that a small and constant population of cells among the cells expressing RaxL in the vitreal surface of the retina begins to express Islet-1 from E3.25, and that subsequently RaxL becomes downregulated in these cells and is absent at E7.0.
Loss of RaxL expression correlates with terminal differentiation of RGCs
The above RaxL expression data show a correlation between downregulation of RaxL and RGC differentiation. To examine when RaxL becomes lost during gangliogenesis, we performed double-immunostaining for RaxL and several RGC markers on sections of E5.0 retinas. RGCs become committed either during or immediately after the terminal cell division of RGC progenitors in the mitotic layer of the retina. RGCs are generated as the presumptive RGCs at the mitotic layer (Waid and McLoon, 1995) and then migrate to the vitreal surface to finally differentiate into RGCs by extending nerve fibers to the brain (Mey and Thanos, 2000; Snow and Robson, 1995) . At E5, RGCs at various developmental stages are present in the central retina (Snow and Robson, 1994; Waid and McLoon, 1995) . As they represent cells just after the last mitosis, migrating cells and migrated RGCs to the vitreal surface, sections of E5.0 central retinas were used for immunohistochemical analysis. We used RA4, anti-cBrn-3 antibody, and antiIslet-1 antibody and TUJ1 to classify RGCs into different stages of specification, migration and differentiation, respectively. The RA4 antigen is first expressed in RGCs immediately after their terminal division (McLoon and Barnes, 1989; Silva et al., 2002; Waid and McLoon, 1995) , making it the earliest RGC marker. cBrn-3 is a POU domain transcription factor expressed in RGCs during and after their migration to the GCL, making it a middle-stage marker (Lindeberg et al., 1997; Liu et al., 2000) . Islet-1 is used as a marker for migrated RGCs to the GCL, although Islet-1 is expressed in cholinergic amacrine cells at later stages (data not shown; Galli-Resta et al., 1997) . TUJ1 stains neuronal type III b-tubulin, which is expressed in terminally differentiated RGCs, making it a late RGC marker (Snow and Robson, 1994) .
In E5 neural retina, the RA4 antigen and RaxL colocalized in cells located in both the outermost mitotic layer and in the thickness of the VZ (Fig. 3A -D) , representing RGCs immediately after the terminal cell division and migrating RGCs, respectively. cBrn-3 signals were observed in the inner half of the INL and in the GCL, where RaxL was expressed ( Fig. 3E -H ). cBrn-3 signals were overlapped with RaxL in the INL, but a subpopulation of cBrn-3-positive cells in the GCL were not stained for RaxL (Fig. 3E-H) . TUJ1-positive cells were just present in the GCL and only a small population of these cells was stained for RaxL ( Fig. 3I -L) , indicating that RaxL expression became lost immediately after RGCs terminally differentiated into TUJ1-positive RGCs.
Recent studies have suggested that cBrn-3 is likely expressed in the migrating RGCs (Lindeberg et al., 1997; Liu et al., 2000) . We assessed this by double-immunostaining for the RA4 antigen and cBrn-3 ( Fig. 3M -P 0 ), since the RA4 antigen is known to be a marker for the migrating Islet-1 becomes detectable in the late migrating and migrated RGCs. RaxL expression then fades in migrated RGCs, which in turn become TUJ1-positive in the GCL. Scale bars: in D is 50 mm for A-D, M-X, and in H 50 mm for E-L and in P 0 10 mm for M 0 -P 0 . GCL, ganglion cell layer; VZ, ventricular zone; ML, mitotic layer.
RGCs (McLoon and Barnes, 1989; Waid and McLoon, 1995) . Double-immunostaining demonstrated that a subpopulation of the RA4-positive migrating RGCs was positive for cBrn-3 ( Fig. 3M 0 -P 0 ). A subpopulation of the cBrn-3-positive migrating RGCs began to express Islet-1, and all of them became Islet-1-positive when they migrated to the GCL (Fig. 3Q -T) . These results show that Islet-1 became detectable in all cBrn-3-positive migrated RGCs. This makes Islet-1 later marker than cBrn-3 during RGC development. TUJ1 immunoreactivity was then detected in the cBrn-3-positive cells in the GCL (Fig. 3U -X) . Thus, the RA4-positive migrating RGCs are stained for RaxL, cBrn-3 and Islet-1 while migrated and differentiated RGCs-expressing cBrn-3, the RA4 antigen, Islet-1 and neuronal type III b-tubulin are negative for RaxL. The present double-immunostaining identified several steps in RGC formation. Taken together, these data indicate that loss of RaxL expression correlates with RGC formation in the GCL.
RaxL transactivates a rhodopsin promoter
To assess biological functions of RaxL in chick RGC formation, we first analyzed RaxL and RaxL-EnR transcriptional activity in a heterologous system using transient transfection assays. We constructed a RaxL expression plasmid and a dominant-negative RaxL (RaxLEnR) expression plasmid. Rax-EnRc is carrying the repressor domain (EnR) of Drosophila Engrailed protein (Badiani et al., 1994; Han and Manley, 1993) in place of the RaxL C-terminal region containing the oar/paired-tail domain (OAR) (Mathers et al., 1997; Norris and Kern, 2001) . As it has been reported that a construct comprising a fusion of the EnR and RaxL with deletion of the OAR functions as a dominant-negative form of RaxL (Andreazzoli et al., 1999; Chen and Cepko, 2002) . We examined whether RaxL-EnR also functions as a dominant-negative form of RaxL using a reporter plasmid containing a chick rhodopsin 0.2 kb promoter upstream of a luciferase reporter gene, Rhod-luc (Fig. 4A ). This rhodopsin promoter contains a putative RaxL and Rx/rax binding site, RET-1/PCE-1 (TAATTG) (Chen and Cepko, 2002; Kimura et al., 2000) . The RaxL expression plasmid and the Rhod-luc reporter plasmid were cotransfected into NIH3T3 cells. Increased amounts of transfected RaxLexpressing plasmid led to a dose-dependent increase of luciferase activity up to a 13-fold increase relative to a control with mock vector (Fig. 4B ). To assess whether RaxL-EnR could inhibit RaxL transcriptional activity, the plasmid expressing RaxL-EnR was cotransfected together with both the RaxL plasmid and the reporter plasmid. A 3.3-fold amount of RaxL-EnR-expressing plasmid relative to a fixed amount of RaxL plasmid caused a complete reduction of reporter activity back to the level observed in the control with mock vector (Fig. 4B) . These results show that RaxL has the ability to transactivate promoters of genes containing RaxL target sequences and that RaxLEnR is capable of inhibiting these endogenous promoters in vivo.
Expression of exogenous RaxL results in a decrease in the number of RGCs
To examine whether RaxL plays a key role in RGC formation, we ectopically expressed wild-type and dominant-negative RaxL in optic vesicles using retroviral expression vectors (Hughes et al., 1987) . We electroporated retroviral vectors bearing RaxL (RCAS-RaxL) or RaxL-EnR (RCAS-RaxL-EnR) into the optic vesicles of stage 10 chick embryos. After electroporation, transfected retinal cells should generate virus particles to subsequently infect neighboring retinal cells, creating RCAS-RaxL-or RCASRaxL-EnR-producing domains in the retina. For analysis of RaxL function, we used virus-transfected domains at or near the center of the retina, where RGC formation initiates (McLoon and Barnes, 1989; Snow and Robson, 1994) . Viral infection was confirmed in frontal cross sections of E5 virus-infected chick eyes by in situ hybridization using an RCAS envelope probe (Fig. 5B) and by immunostaining using anti-gag antibody (Fig. 5I,J) . RCAS envelope signals were clearly detected in the infected retina and in a small area of the brain, but it was completely absent from the uninfected control sections (Fig. 5B ) and spanned the entire thickness of the E15 retinas (Fig. 5I,J) . These infected domains of the retinas were used for further analysis. To examine effects of RaxL and RaxL-EnR in RGC formation of chick retinas infected at stage 10, we performed histological and immunohistochemical staining for sections of RaxL or RaxL-EnR virus-infected retinas at E15, when RGC formation is completed. HaematoxilinEosin (HE) staining showed that control and RaxL-EnRinfected retinas displayed the developmental morphology including well-defined GCL, INL and ONL (Fig. 5C-E) . However, we found that RaxL-infected retina sections contained very few cells in the GCL and showed an almost complete lack of the optic nerve fiber layer (OFL). The GCL in the RaxL virus-infected retinas consisted of a single layer of cells rather than the two rows seen in control retinas (Fig. 5C,D) and lacked the OFL (Fig. 5D,G) . Cells in the GCL were interspersed at two rows in the RaxL-EnR virusinfected retinas (Fig. 5E,H) . To quantify the numbers of cells in each layer per section, we quantified the number of cells in HE stained sections (Fig. 5K,L) . RaxL and RaxLEnR infection resulted in a 75 and 60% decrease, respectively, in the number of cells in the GCL (Fig. 5K) , and a slight decrease (, 8.5%) was observed in the number of cells in the RaxL-EnR infected INL, leading to a slight decrease in the total number of cells per section in the RaxLEnR virus-infected retinas (Fig. 5L) . Our results suggest that overexpression of RaxL and RaxL-EnR interfered RGC formation.
Overexpression of RaxL does not affect displaced amacrine cell differentiation
To determine whether virus infected retinal cells present in the GCL are characteristic of RGCs at E15 when RGC development is completed, we analyzed the expression of RGC markers cBrn-3 and neuronal type III b-tubulin by immunohistochemistry using anti-cBrn-3 (Fig. 6A -C ) and TUJ1 antibodies (Fig. 6D -F) , respectively. In this stage, anti-cBrn-3 and TUJ1 antibodies specifically recognize RGCs. In the control retina, about 70% of cells in the GCL were stained for both neuronal type-III b-tubulin and cBrn-3. However, surprisingly, we found no RGC marker expression in retinas infected with RaxL virus (Fig. 6B,E ), although Hoechst staining had shown a single cell-thick GCL layer in these retinas (Fig. 6K,N) . On the other hand, the single cell-thick GCL layer observed in RaxL-EnR infected retinas did stain with TUJ1 and cBrn-3 antibodies (Fig. 6C,F) , indicating the presence of RGCs. We hypothesized that the single cell-thick GCL in RaxLinfected retinas might consist of displaced amacrine cells, which are known to be present in the GCL (Galvez et al., 1977) . Accordingly, we examined whether the TUJ1-negative cells expressed the displaced amacrine cell marker Sox2 (Le et al., 2002) by immunostaining retinal sections with anti-chicken Sox2 antibody (Fig. 6G -O) . In control retinas, the majority of cells in the cell row facing the INL were positive for Sox2 (, 30% of total cells) (Fig. 6M) , which was not found in the other row (Fig. 6M) . In contrast, all cells of the single cell-thick GCL of the RaxL infected retinas were positive for Sox2 but not for either TUJ1 nor cBrn-3 (Fig. 6N) , indicating that only displaced amacrine cells are present in the GCL of RaxL-infected retinas. Overexpression of RaxL resulted in inhibition of RGC differentiation or maintenance during retinal development. In the RaxL-EnR infected retinas, the total cell number in the GCL was reduced by , 60%, but both RGC and displaced amacrine cells were present with their ratio similar to the control (Fig. 6L,O) . These results suggest that regulation of RaxL expression is indispensable for RGCs development and that an immediate loss of RaxL expression is necessary for RGCs migrated to the GCL, otherwise RGCs would be killed.
Overexpression of RaxL affects Islet-1-positive RGC formation
To examine which stages of RGC development is affected with RaxL, RaxL or RaxL-EnR transfected central retina on E3.5 and E5.0 were performed for section immunostaining using anti-Islet-1 antibody to examine a mid RGC marker expression. Islet-1-positive cells were observed in the GCL of control retinas at regular three-to four-cell intervals at E3.5 (Fig. 7A) . When development proceeded to E5.0, Islet-1-positive cells increased to a sideby-side density in the GCL (Fig. 7G) . In RaxL-transfected retinas, Islet-1-positive cells were decreased at E3.5 and at E5.0 (Fig. 7B,H) , while RaxL-EnR production led to an increase of the Islet-1-positive cells in the GCL (Fig. 7C,I ). These observations were confirmed by quantitative analysis (Fig. 7P,Q) showing that expression of RaxL resulted in a 35% decrease of Islet-1-positive cells in the GCL at E5.0. Conversely, RaxL-EnR expression led to a 40% increase of Islet-1-positive cells in the GCL at E5.0 (Fig. 7P,Q) , suggesting that RaxL-EnR promotes RGC formation at early stages. These results suggest that levels of RaxL protein play an important role in Islet-1-positive RGC formation.
Overexpression of RaxL affects RGC development
It was apparent that RaxL interfered with RGC formation. RGC formation consists of several steps, including proliferation, specification, migration, differentiation and maintenance. Thus, we examined which of these steps might be blocked by overexpression of RaxL. We first used a BrdU incorporation assay to test whether RaxL or RaxL-EnR affects cell proliferation. For BrdU labeling, we injected BrdU solution into virus-infected or control eye cavities of E5.0 chick embryos. After 3 h incubation, the retinas were harvested and fixed, followed by immunohistochemical staining for BrdU. BrdU signals in RaxL-and RaxL-EnR-infected retinas were comparable to those of the control retina (Fig. 8A -C) . We quantified the numbers of BrdU-and Hoechst-positive cells in these control and virusinfected retinal sections. As the total number of cells per section of each retina was almost the same, the ratio of BrdU-positive cells to total cells was quantified to examine the effect of RaxL on proliferation (Fig. 8G) . The histogram indicates that expression of wild-type and dominantnegative RaxL does not significantly affect the population of proliferating cells in the retinas. Thus, we concluded that RaxL has no significant effect on proliferation in the retinas.
Next we examined whether RaxL functions in either specification or migration of presumptive RGCs. The RA4 antigen is the earliest marker expressed just after terminal division of RGC progenitor cells and is also expressed in the migrating RGCs. cBrn-3 is expressed in the migrating and migrated RGCs. Overexpression of RaxL reduced RA4 and cBrn-3 signals in the VZ and GCL (Fig. 8H,I ,K,L), while the dominant-negative form increased the number of RA4-positive cells in the GCL but decreased that of RA4-positive cells in the VZ (Fig. 8H,J) and increased cBrn-3 cells (Fig. 8K,M) . These results indicate that RaxL affects each step of specification, migration and differentiation of RGCs to some extent. As a whole, overexpression of RaxL resulted in a considerable decrease in the number of TUJ1-positive cells in the GCL, while an increase was observed in retinas expressing RaxL-EnR ( Fig. 8N -P) . As CNotch-1 is reported to inhibit RGC formation (Austin et al., 1995; Henrique et al., 1997) , the expression of endogenous CNotch-1 in RaxL or RaxL-EnR infected E5.0 retina sections was examined (Fig. 8T -V) . CNotch-1 signal intensities were likely enhanced in sections of the RaxL-expressed retinas but reduced in those of RaxL-EnR expressed retinas. Taken together, these results demonstrate that RaxL plays a key role in RGC development but has no significant role in the proliferation of presumptive RGCs.
Perturbation of RaxL levels induces apoptosis in both the INL and GCL
In early stages of retinogenesis at E3.5-5.0, the total cell number in the retina and GCL was not significantly affected by infection with either RaxL or RaxL-EnR virus compared to the control. This shows that perturbation of RaxL levels in the retinal progenitor cells did not significantly influence retinal cell proliferation, although RaxL affected Islet-1-positive cell formation in the GCL at E5.0. However, by E15 the total cell number in the GCL of virus infected retinas was greatly reduced, suggesting that a substantial loss or apoptosis of RGCs must occur between E5.0 and E15. There are two phases of retinal cell death, the first peaking at E6 and the second at E12 (Frade et al., 1997 ), so we used TUNEL (Terminal dUTP nick-end labeling) assay to assess apoptosis during retinal development on RaxL and RaxL-EnR-producing retinas (Fig. 9) . Apoptotic nuclei were not detected at E6.0 (data not shown), indicating that overexpression of RaxL protein did not affect the first phase of retinal cell death. When we examined the second phase of cell death, we found dispersed TUNEL-positive nuclei in the INL at E9-E15, and very few apoptotic cells in the GCL (Fig. 9A,D,G) . RaxL overexpressing retinas displayed a slight increase of apoptotic cells in the INL and GCL from E9 to E15 (Fig. 9B,E,H) . Cell death in the RaxL virusinfected retina was observed in both the GCL and the inner half of the INL close to the GCL at E12-15, while TUNEL-labeled dying cells spanned the whole INL in the control retina. In contrast, the RaxL-EnR expressing retinas showed evidence of increased apoptotic cells in both the GCL and INL both at E9 and E12 (Fig. 9C,F) , consistent with the finding of Chen and Cepko (2002) . No TUNEL labeled cells could be found at E15 in the RaxL-EnR expressing retinas, though positive cells could still be found at this time in control and RaxL overexpressing retinal cells (Fig. 9G -I) . We confirmed by double-immunostaining that TUNEL labeled cells were positive for virus envelope marker (Fig. 9H,K,I ,L, insert). These results suggest that enhanced cell loss in the INL and GCL of retinas infected with either RaxL or RaxL-EnR virus between E5.0 and E15 is due to apoptosis.
Discussion
The aim of this study is to reveal the molecular mechanisms underlying RGC formation and the involvement of RaxL during chick retinal development. We performed immunohistochemical analysis for expression of RaxL and RGC stage-specific markers including RA4, cBrn-3, RaxL, Islet-1 and TUJ1 during chick retinal development. Double-immunofluorescence studies made RGCs at different stages distinguishable, suggesting a correlation between loss of RaxL and RGC formation. Next, we used gain-and loss-of-function experiments in ovo to examine whether RaxL is involved in RGC formation. Overexpression of RaxL reduced the presence of RGCs at E5 and led eventually to a complete loss of RGCs due to apoptosis but had no effect on the displaced amacrine cells in the GCL at E15. In contrast, although overexpression of RaxL-EnR increased RGC number at E5, almost of both RGCs and displaced amacrine cells in the GCL were killed through apoptosis by E15. Our results demonstrate that RaxL is involved in development of RGCs in chick retinas. . Sections were stained for RA4 (H -J) and cBrn-3 (K -M) and processed for in situ hybridization with CNotch-1 (T-V). Consecutive sections were double-stained for TUJ1 (N -P) and RCAS-gag (Q -S). In RaxL-virus infected retina, RGC marker expression was slightly reduced, and that of CNotch-1 was increased. On the other hand, in RaxL-EnR-virus infected retina, RGC marker expression increased slightly and CNotch-1 decreased. Scale bars: in A is 50 mm for A-F and in H for H-V. GCL, ganglion cell layer; VZ, ventricular zone.
Co-expression of RaxL and RGC markers during chick retinal development
RGCs are the first neurons produced during vertebrate retinal development, and pass through several stages including the proliferation of retinal progenitors, specification and migration of presumptive RGCs, terminal differentiation and maintenance of RGCs. We used immunohistochemical analysis to examine the coexpression of RaxL with ganglion cell markers RA4, cBrn-3, Islet-1 and TUJ1. Proliferating retinal progenitor cells have been shown to express Pax6, CNotch-1 and RaxL (Bao and Cepko, 1997; Chen and Cepko, 2002; Marquardt et al., 2001; Ohuchi et al., 1999) . Pax6 resides at or near the top of the hierarchy of genes controlling eye morphogenesis (Callaerts et al., 1997; Halder et al., 1995) and the neurogenic gene CNotch-1 inhibits the specification of RGCs in progenitor cells (Austin et al., 1995; Bao and Cepko, 1997; Henrique et al., 1997) . The RA4 antigen is expressed in presumptive RGCs immediately after terminal division of the retinal progenitor cells in the retinal proliferative zone and specifically in this cell type throughout retinal histogenesis (McLoon and Barnes, 1989; Waid and McLoon, 1995) . RaxL is expressed in retinal progenitor cells in the VZ (Chen and Cepko, 2002) . The RA4-positive presumptive RGCs initiate the migration to the vitreal surface of the NR (McLoon and Barnes, 1989; Waid and McLoon, 1995) and then express cBrn-3 when they reach the intermediate region of the VZ. The members of the Brn-3 POU domain transcription factors, Brn-3a, Brn3b, and Brn-3c, are crucial for retinal development and maintenance (Erkman et al., 1996; Gan et al., 1999; Liu et al., 2000; Xiang, 1998) . In the chick retina, cBrn-3c expression appears to be spatiotemporally coincident with RGC formation (Liu et al., 2000) . Immunohistochemical analyses using anti-human Brn-3a and Brn-3b antibodies crossreactive to cBrn-3a and cBrn-3b showed that cBrn-3a and cBrn-3b are expressed only in RGCs after they have arrived in the GCL (Liu et al., 2000) . Misexpression of these factors is capable of promoting RGC development or differentiation. Islet-1 belongs to the family of LIM homeodomain transcription factors involved in cell fate determination in many different systems. Islet-1 is a marker for migrated RGCs to the vitreal surface and cholinergic amacrine cells (Galli-Resta et al., 1997; Thor et al., 1991) . The TUJ1 antibody recognizes neuronal type III b-tubulin, which is expressed in RGCs only after they have migrated to the vitreal surface (Snow and Robson, 1995) . The expression patterns of these markers in our present results, combined with previous studies, showed that they are differentially expressed during the stages of RGC development, as summarized in Fig. 10A .
(1) Proliferating retinal progenitor cells express Notch-1, Pax6 and RaxL. -(B,E,H) or RaxL-EnR (C,F,I) virusinfected retinas, followed by TUNEL labeling (A -F). E15 sections were triple-stained for TUNEL (G-I), RCAS-gag (J -L) and Hoechst (M-O). In the control retinas, very dispersed TUNEL labeled cells (arrow) were found only in the INL from E9 to E15. In RaxL overexpressing retinas, TUNELpositive cells were detectable in the GCL at both E12 and E15, although INL patterns were similar to those found the control (H). In contrast, in RaxL-EnR expressing retinas, many TUNEL-positive cells (arrow) were detected in the GCL and the innermost area of the INL at E9 and E12. At E15 no TUNEL-positive cells were detected. Scale bars: in A is 50 mm for A -O. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. migrate close to the vitreal surface of the retina. (5) When they have reached the innermost surface of the VZ, neuronal type III b-tubulin can be detected in the migrated RGCs still immunoreactive for RaxL. (6) The terminally differentiated RGCs is characterized by a complete loss of RaxL. Our work confirmed previous studies (McLoon and Barnes, 1989; Waid and McLoon, 1995) and demonstrated that RA4 marks RGCs early in the specification and migration stage, RA4 and cBrn-3 mark RGCs in the middle of migration stage, Islet-1 marks RGCs later in the migration stage, and loss of RaxL marks RGCs differentiated stage.
RaxL plays a role in negative regulation of RGC development
RaxL infection reduced the number of RGCs at E5.0 without affecting cell proliferation and cell death (Fig. 8A -G) . Conversely, inhibition of RaxL by RaxLEnR infection increased RGC production by 1.4-fold. These results suggest that the number of RGCs was inversely related to the level of RaxL activity. The previous study on the molecular mechanisms of RGC specification showed that the Notch-1 transmembrane receptor and its cellsurface ligand Delta are involved in RGC fate specification of retinal progenitor cells without affecting proliferation (Austin et al., 1995; Henrique et al., 1997) . Inhibition of the Notch-1 signaling pathway by antisense treatment promoted RGC production (Austin et al., 1995) , demonstrating that Notch-1 negatively regulates RGC specification. Our data suggested that RaxL misexpression increased CNotch-1 mRNA levels (Fig. 8M,N) . These results suggest that RaxL might, directly or indirectly, regulate RGC specification via Notch signaling. It is also possible that RaxL might inhibit the function of factors such as NeuroD and Ath-5, which are involved in promoting RGC specification.
Although RaxL overexpression does not significantly affect proliferation of progenitor cells at E5.0, it has been reported that misexpression of Rx mRNA in Xenopus embryos induces hyperproliferation and ectopic neural retina tissue in the neuroectoderm (Andreazzoli et al., 1999; Mathers et al., 1997) . This might be explained by the fact that Xenopus Rx mRNA was introduced into one cell of two-cell stage embryos where Rx was absent. This led to expanding Rx expression domains, resulting in an ectopic eye structure. In contrast, the failure of RaxL to induce proliferation is probably due to the timing of RaxL expression in our experiments. As we introduced RaxL into retinal progenitor cells, which were already expressing RaxL, exogenous RaxL failed to induce proliferation. However, how RaxL negatively regulates RGC development without affecting cell cycle remains to be elucidated.
Recently, Chen and Cepko (2002) reported that RaxL is not involved in non-photoreceptor differentiation. When a dominant-negative form of RaxL (EnRaxLDC) was introduced in vivo into the early chick eye using retrovirus, EnRaxLDC caused no significant reduction in expression of markers of non-photoreceptor cells such as RGC, bipolar, horizontal or amacrine cells. Their finding that RaxL is not involved in RGC differentiation is inconsistent with our present results showing the involvement of RaxL in RGC development. This discrepancy may come from observations based on different assay systems. Chen and Cepko (2002) examined Brn3a expression as an RGC marker at E9.0 by in situ hybridization, whereas we examined Islet-1 and TUJ1 expression as an RGC marker at E3.5 -E5.0 by immunohistochemical analysis. However, when we examined cBrn-3 expression for E5-9 RaxL or RaxL-EnRinfected retinas by in situ hybridization, there were no apparent changes on cBrn-3 expression in either (data not shown). Based on these observations alone, we might also conclude that RaxL is not involved in RGC differentiation, consistent with their observation. However, when Islet-1 and TUJ1 were used to identify RGCs at E3.5-E5.0 by immunohistochemical analysis, it was obvious that RGC development was significantly affected. Chen and Cepko (2002) have also reported that RaxL is involved in the initiation of photoreceptor differentiation. Since EnRaxLDC caused a significant reduction in expression of photoreceptor cell markers. We also found that RaxL is involved in photoreceptor development, as overexpression of RaxL-EnR affected photoreceptor differentiation. When rhodopsin and iodopsin expression was examined in E18 RaxL-EnR-infected retinas by immunostaining, RaxL-EnR caused an increase in expression of rhodopsin but a reduction in expression of iodopsin (data not shown). These observations demonstrate that RaxL is involved in photoreceptor cell differentiation and probably in cone photoreceptor cell differentiation, being consistent with the finding that RaxL is specifically expressed in cone photoreceptors (data not shown). Taken together, these results demonstrate that RaxL plays stage-specific multiple roles in chick retinal development. However, further studies are needed to clarify these issues.
RaxL functions in maintenance of RGCs
In neural retinas expressing exogenous RaxL, the number of RGCs was reduced to about 65% at E5.0 and 40% at E15 of control numbers, while neural retinas expressing the RaxL-EnR showed an initial increase in the number of RGCs to 40% at E5.0 followed by a significant decrease to 40% at E15 (Fig. 5K) . Thus, this significant reduction in retinal cell numbers should occur between E5 and E15. It has been known that two phases of apoptosis in chick retinas occur, peaking at E6 and E12 (Frade et al., 1997; Hughes and McLoon, 1979) . Our present TUNEL showed that the first phase of apoptosis was not affected by exogenous or dominant-negative RaxL expression (data not shown). However, we did observe changes in the second phase of apoptosis in experimental retinas. Retinas with exogenous RaxL expression showed increased cell death in the GCL and INL by E12 (Fig. 9D,E,G,H) . In dominant-negative RaxL-EnR expressing retinas, apoptosis was evident at E9 (Fig. 9C and Chen and Cepko; but no longer evident at E15 (Fig. 9I) , though it was still observed in the RaxL overexpressing and control retinas (Fig. 9H) . These results suggest that RGCs require complete loss of RaxL protein for their maintenance, and that prolonged RaxL expression triggers cell death by apoptosis. High levels of RaxL expression in retinal progenitors may delay the expression of factors required for the later differentiation of RGCs without affecting proliferation, leading to the accumulation of undifferentiated RGCs in the GCL. These RGCs which had failed to be terminally differentiated in RaxL overexpressing retinas might be killed by apoptosis. In contrast, a reduction in levels of RaxL in retinal progenitors by expression of RaxL-EnR advanced the timing of RGC and displaced amacrine cell differentiation, presumably resulting in enhanced early cell death in the INL that resulted in a balanced, but reduced cell population in the GCL.
Experimental procedures
Chick embryos
Fertilized eggs from White Leghorn hens were purchased from local suppliers and incubated at 38.5 8C in a humidified incubator. Chick embryos were staged according to Hamburger and Hamilton (1951) .
Plasmids
To generate pEFX3-Fg-RaxL, the EcoRV/BamH I DNA fragment encoding the chicken RaxL was amplified using total RNA extracted from E8 retinas and the appropriate primers (GGGATATCAGATGTTCCTCAATAAGTGT-GAGG and GCGGATCCTCAAATGGGCTGCCAGGTC). The PCR product was subcloned into the EcoRV/BamH I site of pEFX3-Fg. To generate pEFX3-Fg-RaxL-EnR, the Nco I DNA fragment encoding the Drosophila Engrailed repressor domain EnR was isolated from pCAGGS-Tlx-EnR (Yu et al., 2000) , blunt-ended and subcloned into the bluntended Sal I site of pEFX3-Fg-RaxL. To ensure expression of the fusion protein GST-RaxL, the Asp718/BamH I fragment encoding RaxL was blunt-ended and subcloned into the blunt-ended BamHI/SalI site of pGEX6p-1 vector (Amersham). To generate pGEX-6p-1-cBrn-3a, the DNA fragment encoding 124 -183 amino acids of cBrn-3a (Lindeberg et al., 1997) was amplified by RT-PCR using GGAG-GATCCCTGGACCACCTCAACTCTGC and CAG-GAATTCTGGGTCCGTCTCTGTCTCG as primers and inserted into the BamH I/EcoR I site of pGEX-6p-1. The DNA fragment containing the chicken Rhodopsin promoter (2 203 , þ 67 bp) was amplified from chick genomic DNA using primers TAGGATCCAGAGGATGTGTGAG-GAGG and CTGATATCTCAGTCGCACTCAGTGTCG. The amplified fragment was subcloned into the BamH I/ EcoRV site of pCRII. To obtain the reporter plasmid pGVRhod (2 203 , þ 67), the EcoRV DNA fragment of the promoter region containing PCE-1, an Rx/rax-binding sequence (TAATTG), was subcloned into the BamH I/ EcoRV site of the pGV-B vector. To generate pRCASRaxL, the Cla I DNA fragment encoding full-length RaxL was isolated from pEFX3-Fg-RaxL and subcloned into the Cla I site of the pRCAS(A) vector (Hughes et al., 1987) . To generate pRCAS-RaxL-EnR, the Cla I DNA fragment encoding RaxL-EnR was isolated from pEFX3-Fg-RaxLEnR and subcloned into the Cla I site of pRCAS vector. All constructs were verified by DNA sequencing.
Preparation of GST-fusion proteins
Fusion proteins of GST-RaxL and GST-cBrn-3a were expressed in Escherichia coli strain BL21(DE3) induced by the addition of 10 mM isopropyl thio-b-galactoside at 37 8C for 1.5 and 3 h, respectively. The proteins were purified on a glutathione Sepharose 4B affinity column and treated with PreScission Protease according to the manufacturer's instructions (Pharmacia Biotech). The proteins were concentrated by centrifugation at 2500 rpm for 30 min with a Centricon 30 (Amicon), then quantified by SDS-PAGE using albumin as a standard and adjusted to the concentration of 0.1 mg/ml.
Production of antibodies against RaxL and cBrn-3
Eleven week-old female Japanese white rabbits and 7-week old SD male rats were used for generation of antiRaxL and anti-cBrn-3a antiserum, respectively. These animals were immunized by subcutaneous injections of 50 -200 mg of the purified recombinant protein in Freund's adjuvant (Sigma) thrice at about 3 weeks intervals. Seven days after the fourth injection, sera of the rabbits and rats were collected and tested for antibody specificity by Western blot analysis. As the anti-cBrn-3a antiserum failed to distinguish cBrn-3a from cBrn-3c, we termed cBrn-3 for the antigens recognized by this antibody.
Histology and immunohistochemistry
Control and virus infected embryos or eyeballs at various developmental stages were collected and fixed in 95% methanol/5% acetic acid overnight for paraffin embedding. Eyeballs were sectioned at 10 mm and immunohistochemistry was performed as previously described (Reza et al., 2002) . Polyclonal and monoclonal primary antibodies and dilutions used to detect RGCs were as follows: rabbit polyclonal anti-RaxL antiserum at 1:100; rat polyclonal anti-cBrn-3 antiserum at 1:100; mouse monoclonal antiIslet-1 antibody at 1:100 (Hybridoma Bank, 40.2D6); TUJ1, mouse monoclonal anti-neuronal type III b-tubulin antibody at 1:500 (BAbCO); RA4 mouse anti-unknown protein at 1:100 (McLoon and Barnes, 1989) ; rabbit polyclonal antiSox2 antiserum at 1:200 (Shimada et al., 2003) ; mouse monoclonal anti-RCAS-gag antibody at 1:100 (Hybridoma Bank, AMV-3C2). Secondary antibodies used were fluorolink Alexa488 and Alexa594 (Molecular Probe) conjugated goat anti-rabbit, mouse or rat IgG at the dilution of 1:500. For section immunostaining experiments, at least three control eyes and three virus-infected eyes of a given stage were analyzed. Fluorescent images were observed under a fluorescent microscope (Axiophot, Zeiss) or a confocal microscope (Fluoview FV500, Olympus). Two-color images (40 or 60 £ ) were captured digitally from random fields. To count the total and Islet-1-positive cells, 4-7 images were analyzed.
In situ hybridization
Section in situ hybridization was performed as previously described (Yu et al., 2000) . Digoxigenin (DIG)-labeled RNA probes (Promega) were generated according to the manufacturer's instructions. To generate probes for CNotch-1 and RCAS-envelope mRNA detection, pBSNotch1 and pBS-RCAS/env (generously provided by Dr Ogura) was digested by Xba I and EcoR I, respectively, then transcribed with T7 RNA polymerase for antisense probe.
Cell cultures, transfection and luciferase assay
NIH3T3 cells were cultured at 37 8C in Dulbecco's modified Eagle's medium (DMEM) supplemented 10% fetal calf serum (BRL). Three hundred nanograms of the luciferase reporter plasmid (Rhod-Luc), 250 ng b-galactosidase expression plasmid (pEFX3-b-gal), with the appropriate amounts of pEFX3-RaxL and/or pEFX3-RaxL-EnR for 500 ng of total plasmid DNA were transfected onto NIH3T3 cell cultures in 12-well dishes using DEMRI-C according to the manufacturer's protocol (Life Technologies). After 6 h of transfection, the medium was replaced with 10% FBS/1% chick serum/DEME. Cells were incubated for a further 48 h, then whole cell lysates were prepared in extraction buffer (0.1 ml of 25 mM Trisphosphate, pH7.8, 15% glycerol, 2% CHAPS, 1% L-aphosphatidylcholine, 1% BSA, 4 mM EGTA, 8 mM MgCl 2 , 1 mM dithiothreitol, 0.4 mM APMSF). The luciferase activities of the lysates were measured with a Microtiter Plate Luminometer (DYNEX). Transfection efficiency in each dish was normalized based on b-galactosidase activity. All luciferase activity values represent mean^standard deviation of results obtained from duplicates of three independent transfection experiments.
Electroporation
Electroporation was performed according to the procedure described (Momose et al., 1999) . Plasmid DNA solution containing the RCAS retrovirus vector (1.0 mg/ml) was injected into the left optic vesicles of Hamburger and Hamilton stage 10 chick embryos in ovo. Immediately after injection, the embryos were subjected to electroporation by applying two 5 V pulses for 25 ms each using a pulsegenerator (T-820, BTX). Following electroporation, the embryos were incubated until E3 -E15. For each experiment, 20 embryos were electroporated. We checked for successful electroporation by performing immunostaining or in situ hybridization. About 70 and 20% of electroporated embryos were alive at E5 and at E15, respectively. We performed at least three independent experiments for each electroporation.
BrdU pulse-labeling in vivo
To label dividing cells in the retinas, BrdU solution (3 ml of 10 mM BrdU) was injected into the optic cavity of E5.0 chick embryos, which were incubated for an additional 3 h before embryo collection. Sections of labeled retinas were processed for immunostaining by detecting BrdU incorporation as follows. Sections were treated with 4 M HCl for 10 min, blocked in 10% goat serum/PBST and then reacted with the primary antibody BrdU Ab-1 (diluted at 1:20; 85-208, Neo Marker, Co.), followed by reaction with the secondary antibody Alexa594 (Molecular Probe). Fluorescent images were observed under a confocal microscope.
TUNEL labeling
TUNEL analysis was performed according to the manufacture's instructions (in situ Apoptosis Detection Kit; Takara). Fluorescent images were observed under a confocal microscope.
